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具有很好的应用前景。本文提出采用梯度 IPMC 结构提高 IPMC 性能、制备图案
化电极实现 IPMC 的三维驱动，同时将 IPMC 作为微扑翼驱动器对其扑动力进行
研究，为 IPMC 应用于仿生扑翼驱动领域提供参考依据。 
为了制备性能良好的 IPMC 驱动器，本文通过实验总结了铂电极 IPMC 化学
镀工艺，并通过自浇铸的方式得到了 Nafion 基膜。设计了 IPMC 位移测试系统
和基于 LabVIEW 的输出力测试系统，并对 IPMC 性能进行了测试。本文采用梯
度结构来提高 IPMC 的性能，用浇铸方法得到厚度方向有梯度的 Nafion 基膜，
再通过化学镀制备得到三种不同梯度的 IPMC，并进行性能测试对比，实验证明
梯度 IPMC 变形位移和输出力同时得到提高。 
图案化电极 IPMC 可以实现三维扭转运动。本文利用在 Nafion 基膜上贴覆
掩膜胶带，再进行化学镀的方法得到图案化电极 IPMC。实验研究了图案化电极
间基体材料刚度以及电极间水合阳离子对 IPMC 扭转角度影响规律。使用 PI 胶
带将两片 IPMC 粘贴成两片贴合式 IPMC，研究了电极间距与图案化电极 IPMC
扭转角度之间的规律。制备并测试了电极间距分别为 3mm、5mm、7mm 的 IPMC，
实验结果表明，随着电极间距的增大，IPMC 具有更好的变形能力，可获得更大























With development of new energy, smart materials and MEMS in recent years, 
more and more people pay attention to micro air vehicle. IPMC is a new 
electro-active polymer, due to the properties of low driving voltage, large deformation, 
flexibility and light, it is widely used in bionic micro-driving field. Compared with 
traditional driving mechanism, IPMC is light weight, suitable for miniaturization and 
without transmission mechanism, will be widely used in micro-driving field. In this 
paper, a gradient IPMC is fabricated to improve its performance, patterned electrode 
methods is used to achieve a three dimensional motion, and study the flapping force 
of Micro flapping actuator. Which help IPMC used in application of micro flapping 
actuator. 
This paper summarizes the electroless plating process to fabricate IPMC with 
platinum electrode. To test the performance of IPMC, the system which can measure 
displacement of deformation and output force is set up. The Nafion membrane is cast 
to fabricate the gradient IPMC, three gradient IPMCs are made for performance test. 
The result shows the gradient IPMC can improve performance in both displacement 
and output. 
Patterned electrode IPMC can achieve three dimensional twisting motions. In 
this paper mask tape is pasted on Nafion membrane, then, get the patterned IPMC by 
the electroless plating process. How the stiffness of Nafion and the hydrated cations 
between the electrode influence the twist angle of IPMC is studied. The IPMC pasted 
by two small IPMCs and patterned IPMC are made to study the relationship between 
twist angle and electrode spacing. The result shows that with the electrode spacing 
increase, IPMC has better deformability and can obtain larger twist angle. In addition, 
patterned electrode IPMC has a better deformability than the IPMC which pasted by 
two IPMCs. 
The flapping force of IPMC flapping actuator also studied in this paper. Two 















patterned electrode IPMCs are designed and tested. The experiment results show that 
the flapping force under driving voltage with resonance frequency is the largest, and 
the force variation has a good consistency with driving waveform. Air resistance has a 
great impact on IPMC flapping actuator. The size of electrode has a great impact on 
flapping force of IPMC flapping actuator with patterned IPMC. 
 


































摘 要 ........................................................................................................... I 
Abstract ..................................................................................................... II 
目录 ............................................................................................................ V 
Table of Contents ................................................................................. VIII 
第一章 绪论 .............................................................................................. 1 
1.1 引言 ................................................................................................. 1 
1.2 IPMC 概述 ........................................................................................ 2 
1.2.1 IPMC 结构 ............................................................................... 2 
1.2.2 IPMC 致动机理 ........................................................................ 3 
1.3 IPMC 国内外研究现状 ....................................................................... 4 
1.3.1 驱动机理 ................................................................................ 4 
1.3.2 理论模型 ................................................................................ 6 
1.3.3 材料的制备和改性 ................................................................... 8 
1.3.4 材料的应用 ........................................................................... 11 
1.4 目前存在的问题 .............................................................................. 16 
1.5 本文主要研究内容 .......................................................................... 16 
第二章 IPMC 柔性驱动器制备............................................................. 17 
2.1 IPMC 制备原理 ............................................................................... 17 
2.2 实验材料与仪器 .............................................................................. 18 
















2.3.1 离子交换膜浇铸 .................................................................... 19 
2.3.1.1 成膜机理 ..................................................................... 20 
2.3.1.2 成膜工艺 ..................................................................... 20 
2.3.1.3 粗化和清洗.................................................................. 21 
2.3.2 离子吸附过程 ........................................................................ 23 
2.3.3 主化学还原反应 .................................................................... 23 
2.3.4 次化学还原反应 .................................................................... 24 
2.3.5 IPMC 离子交换 ...................................................................... 24 
2.4 本章小结 ........................................................................................ 25 
第三章 IPMC 性能改进与测试............................................................. 26 
3.1 IPMC 性能改进 ............................................................................... 26 
3.2 IPMC 性能测试系统 ......................................................................... 27 
3.2.1 位移测试系统 ........................................................................ 27 
3.2.2 基于 LabVIEW 的输出力测试系统 .......................................... 30 
3.2.3 IPMC 输出力测试 ................................................................... 32 
3.3 梯度 IPMC 性能测试 ....................................................................... 34 
3.4 本章小结 ........................................................................................ 40 
第四章 图案化电极 IPMC ..................................................................... 42 
4.1 图案化电极 IPMC 制备工艺 ............................................................. 42 
4.2 IPMC 扭转测试系统 ......................................................................... 44 
4.3 IPMC 扭转实验与结果分析 .............................................................. 45 















第五章 IPMC 扑翼驱动器 ..................................................................... 53 
5.1 扑翼驱动器的设计与制造 ................................................................ 53 
5.2 扑动力测试系统 .............................................................................. 54 
5.3 测试结果分析 ................................................................................. 55 
5.5 本章小结 ........................................................................................ 59 
第六章 总结和展望 ................................................................................ 60 
6.1 总结 ............................................................................................... 60 
6.2 展望 ............................................................................................... 61 
参考文献 .................................................................................................. 62 
致谢 ........................................................................................................... 68 














Table of Contents 
VIII 
 
Table of Contents 
Abstract ...................................................................................................... I 
Table of Contents ............................................................................... VIIII 
Chapter 1 Introduction ............................................................................. 1 
1.1 Introduction ........................................................................................ 1 
1.2 Overview of IPMC .............................................................................. 2 
1.2.1 IPMC Structure ......................................................................... 2 
1.2.2 Principle of IPMC ...................................................................... 3 
1.3 The Research Status of IPMC ................................................................ 4 
1.3.1 Actuation Principles ................................................................... 4 
1.3.2 Theoretical model ...................................................................... 6 
1.3.3 Preparation and Modification of IPMC .......................................... 7 
1.3.4 The Applicaion of IPMC ........................................................... 11 
1.4 Research Problem .............................................................................. 16 
1.5 Research Object ................................................................................ 16 
Chapter 2 The Preparation of Flexible Driving IPMC ...................... 17 
2.1 Principle of Preparation of IPMC ......................................................... 17 
2.2 Matieral and Apparatus ...................................................................... 18 
2.3 Preparation of IPMC .......................................................................... 19 
2.3.1 Ion Exchange Membrane Casting ............................................... 19 













Table of Content 
IX 
2.3.1.2 Membrane forming process.............................................. 20 
2.3.1.3 Coarsening and cleaning.................................................. 21 
2.3.2 Ion Adsorption Process ............................................................. 23 
2.3.3 The Main Chemical Reduction Reaction ...................................... 23 
2.3.4 The Second Chemical Reduction Reaction ................................... 24 
2.3.5 Ion Exchange of IPMC ............................................................. 24 
2.4 Summary ......................................................................................... 25 
Chapter 3 Performance Improvement and Testing ............................. 26 
3.1 IPMC Improvement ........................................................................... 26 
3.2 Performance Testing System ............................................................... 27 
3.2.1 Displacement Testing ............................................................... 27 
3.2.2 Output Force Testing ................................................................. 30 
3.2.3 The Gradient IPMC Testing ....................................................... 34 
3.4 Summary ......................................................................................... 40 
Chapter 4 The Patterned Electrode IPMC ........................................... 41 
4.1 Preparation of Patterned Electrode IPMC .............................................. 42 
4.2 Test System ...................................................................................... 44 
4.3 Result and Discuss ............................................................................. 45 
4.4 Summary ......................................................................................... 52 
Chapter 5 IPMC Micro Flapping Actuatour ................................... 53 
5.1 Design and Fabrication ....................................................................... 53 













Table of Contents 
X 
 
5.3 Result and Discuss ............................................................................. 55 
5.5 Summary ......................................................................................... 59 
Chapter 6 Conclusions and Future Works ........................................... 60 
6.1 Conclusions ...................................................................................... 60 
6.2 Future Works .................................................................................... 61 
References ................................................................................................ 62 
Acknowledgements  ............................................................................... 68 














Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
